In recent decades, the area and proportion of planted forests have increased; thus, understanding the responses of planted and natural forests to drought are crucial because it forms the basis for forest risk assessments and management strategies. In this study, we combined the moderate-resolution imaging spectroradiometer (MODIS) enhanced vegetation index (EVI), meteorological aridity indices, and standardized precipitation evapotranspiration indices (SPEI) to identify the drought responses of planted and natural forests. In particular, we used the EVI standard anomaly (ESA) as a physiological drought indicator and analyzed the applicability of SPEIs at time scales of 1-30 months, thereby determining the optimal time scale for the SPEI (SPEI opt ), i.e., the SPEI that best represents the drought responses of forests in Yunnan. Next, we employed the optimal SPEI and the ESA as indices to statistically analyze the response characteristics of planted and natural forests under different drought intensities. The results indicated the following: (1) The SPEI in June and a time scale of five months (i.e., SPEI Jun,5 ) comprise the optimal meteorological aridity indicator for forests in Yunnan Province, which had the strongest correlation with the EVI standard anomaly (ESA Jun ). (2) All forest types were affected by drought in Yunnan, but their responses varied according to the forest type, elevation, and drought intensity. In general, natural forests are more vulnerable and sensitive to drought than planted forests, especially natural coniferous forests at low (0-2000 m) and moderate (2000-4000 m) altitudes, and natural mixed forest at low altitudes (0-2000 m). (3) The remote sensing-based ESA (ESA Jun ) is sensitive to the intensity of water stress, which makes it a good indicator for drought monitoring. In addition, the forests' inventory survey revealed that 8.05% of forests were affected by drought; thus, we used this as a guide to estimate an approximate threshold to map forest responses to drought across the region. Below this approximate threshold (i.e., ESA Jun <´3.85), severe drought-induced effects on forests may occur. Given that natural forests are more vulnerable and sensitive to drought than the planted forests, natural forests need more careful management, especially in the context of projected increases in extreme drought events in the future.
Introduction
Climate change can affect forests in many ways, including loss of biodiversity, altitude shifts in species' ranges, and subsequent community reshuffling [1] , but one of the most important direct affected the forests [30, 32, 33] . Thus, this is an ideal region for investigating the different responses of planted and natural forests to extreme drought conditions.
Various methods (e.g., experiments, surveys, and models) and indicators (e.g., species diversity, trunk diameter increment, vegetation index, and net primary productivity) have been used to determine the characteristic responses of planted forests [17, 26, 34, 35] . The full annual phenological cycle of forest canopy trees can be monitored based on the enhanced vegetation index (EVI) via the Moderate Resolution Imaging Spectroradiometer (MODIS) [26, 36] , so EVI is often used as a proxy for the function, production, and photosynthetic activity of vegetation [37, 38] , where it is much more sensitive to a high percentage of forest coverage compared with the normalized difference vegetation index (NDVI) [37, 38] . Thus, the EVI standard anomaly (ESA) can be used as an indicator to characterize the relative changes in forest vitality caused by environmental stresses (e.g., drought) [39, 40] . In addition, the meteorological drought index, i.e., the standardized precipitation evapotranspiration index (SPEI), is another indicator used to evaluate water limitation stress and drought intensity [41, 42] . The SPEI considers precipitation and evaporation information simultaneously [41, 42] , so it can be effective for characterizing the severity of meteorological droughts provided that a suitable time scale is selected [39, 43] .
Given that little is known about the different response of planted and natural forests to various stress levels of drought [18] , we combined the remotely sensed MODIS EVI and the SPEI to determine the characteristic drought responses of planted and natural forests in Yunnan Province. First, we used the ESA as a physiological drought indicator for vegetation [38] and analyzed the applicability of SPEIs at different time scales (1-30 months) , so that the optimal time scale for the SPEI (SPEI opt ) could be selected. Second, we employed the optimal SPEI and the ESA as indicators to statistically analyze the response characteristics of planted and natural forests under different drought intensities. In addition, we used the information of forests' inventory survey as a guide to estimate an approximate threshold of ESA and map forest responses to drought across the region.
Materials and Methods

Study Region
The study region of Yunnan Province is located in southwestern China (97.51˝E-106.18˝E, 21.13˝N-29.25˝N) [40] , where the altitudes ranges from 592 m to 5808 m (Figure 1a,b) . Yunnan primarily has a subtropical monsoon climate, with a mean annual temperature (MAT) of 16.32˝C and mean annual precipitation (MAP) of 1105.12 mm. Higher precipitation and temperatures occur in the summer (June-August) (Figure 2a) , and the seasonality of the rainy and dry seasons in Yunnan is related to the Asia monsoon system [44] . According to statistics from China's Eighth Forest Inventory (2009) (2010) (2011) (2012) (2013) , forest covers approximately 50.03% of the area of Yunnan Province ( Figure S1 ), where planted and natural forests account for 23.71% and 76.29% [31] (Figure 1a ), respectively. The main forest types in Yunnan are broad-leaf mixed forest, Yunnan pine, oak forest, mixed coniferous broad-leaf forest, conifer mixed forest, and other firs [31] . According to the seasonal changes in the forests' monthly mean EVI in non-drought years, the EVI value changes with the growth of plant leaves (Figure 2b ), where the maximum EVI occurs in growing season, especially July and August, for all four forest types and the minimum EVI occurs in the winter (December-March). In recent decades, several drought events with varying intensities and durations have occurred in Yunnan, especially during 2005 and 2009-2014 [32, 33] , which significantly affected the normal growth of both planted and natural forests. Given the extensive distribution of planted and natural forests as well as the occurrence of drought events, Yunnan Province is an ideal region for studying the responses of forests to drought, and for comparing the potentially different in responses to drought by planted and natural forests, where the overall plan of the study is summarized in Figure 3 . (a) Seasonal changes in precipitation and temperature in Yunnan Province. "P" and "T" denote the mean annual precipitation (MAP) and mean annual temperature (MAT) in non-drought years (2001-2004 and 2007-2008) , respectively; (b) Seasonal changes in the monthly mean EVI for forests in non-drought years (2001-2004 and 2007-2008) . "PC", "PM", "NC", and "NM" are planted coniferous forests, planted mixed forests, natural coniferous forests, and natural mixed forests, respectively. 
Materials
MODIS Data
Satellite-derived vegetation indexes such as the NDVI and EVI are attractive for monitoring the dynamics of vegetation at regional and global scales [37, 45] , which can decrease the multiplicative noise induced by topography [37, 46] . This study used MOD13A1 EVI datasets (time resolution of 16 days and spatial resolution of 500 m) from 2001 to 2014, which were obtained from the Land processes distributed active archive center [47] , and the ESA was calculated and used as an indicator to characterize the relative changes in forest vitality.
The MODIS EVI imagery data were compiled to match with the forest maps derived from the Eighth Forest Inventory of China. This operation included image mosaicking, spatial resolution conversion (1000 m), and monthly EVI composition based on the maximum value composites method (MVC) [46] using ENVI (5.0) software. To reflect the relative changes in forest vitality and to facilitate comparisons among different forests, the raw EVI data were first transformed into the ESA [38] based on the means and standard deviations of the EVI in non-drought years (Equation (1)). Given that the drought intensity in 2005-2006 was mild [48] and it had little impact on the growth of vegetation in 2007, the non-drought years in this study included 2001-2004 and 2007-2008 , when the precipitation was similar to the multi-year average value and there was no apparent water limitation stress on vegetation [32, 33] . Therefore, the ESA was used as an indicator to reflect the differences in the EVI for a certain year relative to the long-term mean EVI (2001-2004 and 2007-2008) for the forests: where ESAi and EVIi are the EVI standard anomaly and the EVI value for the i-th month (ranging from January to December) for a specific year, respectively, and Meani-norm and SDi-norm correspond to the EVI mean and EVI standard deviation for the i-th month in non-drought years. 
Forests' Inventory Data
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The MODIS EVI imagery data were compiled to match with the forest maps derived from the Eighth Forest Inventory of China. This operation included image mosaicking, spatial resolution conversion (1000 m), and monthly EVI composition based on the maximum value composites method (MVC) [46] using ENVI (5.0) software. To reflect the relative changes in forest vitality and to facilitate comparisons among different forests, the raw EVI data were first transformed into the ESA [38] based on the means and standard deviations of the EVI in non-drought years (Equation (1)). Given that the drought intensity in 2005-2006 was mild [48] and it had little impact on the growth of vegetation in 2007, the non-drought years in this study included 2001-2004 and 2007-2008 , when the precipitation was similar to the multi-year average value and there was no apparent water limitation stress on vegetation [32, 33] . Therefore, the ESA was used as an indicator to reflect the differences in the EVI for a certain year relative to the long-term mean EVI (2001-2004 and 2007-2008 ) for the forests:
where ESA i and EVI i are the EVI standard anomaly and the EVI value for the i-th month (ranging from January to December) for a specific year, respectively, and Mean i-norm and SD i-norm correspond to the EVI mean and EVI standard deviation for the i-th month in non-drought years.
Forests' Inventory Data
Accurately determining the responses to drought by forests depends on the accuracy of the forest map, where the forest map sources employed in previous studies differed. In this study, we employed the forest map derived from the Eighth Forest Inventory (2009-2013) of China ( Figure 1a and Figure S1a ), which was obtained by remote sensing and a massive forest field survey. The internationally accepted "forest resources continuous inventory method" was used in the survey process, where nearly 20,000 technicians worked on the projects for five years (2009) (2010) (2011) (2012) (2013) [49, 50] . As a result, this latest forests' inventory data for China is likely to be most representative. The time span (i.e., 2009-2013) of these maps was similar to our study period (i.e., 2001-2014), which could potentially increase the accuracy of our results. Before performing the spatial analysis, the forest distribution map was first digitized and spatial adjustments were made using ENVI (5.0) and ArcGIS (10.2) (Esri, Environmental Systems Research Institute, New York, NY, USA) image processing software, followed by resampling to a spatial resolution of 1000 m to match with other data, such as the MODIS EVI images, ESA, and the digital elevation models (Figure 1b ).
Meteorological Drought Index
In this study, the SPEI was used to characterize the drought severity. The SPEI calculated using the Penman, Monteith, and Thornthwaite algorithm only differed slightly in Yunnan Province [51] , and our previous study showed that the SPEI calculated by Thorthwaite could effectively characterize the drought intensity of Yunnan [43] , while previous studies indicated that the impacts of precipitation apparently have a time-lag effect that ranges from several months [43, 52, 53 ] to two years [39] , so we extended this by half a year (to 30 months) to ensure that it had the optimal time-scale. Thus, the SPEI was calculated according to the following steps [41, 42] : (1) the Thornthwaite method was used to calculate the potential evapotranspiration; (2) the cumulative effect of the water surplus and deficit was calculated at specific time scales (1-30 months); (3) the three-parameter log-logistic probability density function was used to fit the cumulative sequence established above; and (4) the cumulative sequence was transformed using the standard normal distribution. This SPEI calculation procedure was derived from DIGITAL.CSIC [54] and it was based on the average monthly precipitation and temperature data for 1960-2014.
The monthly precipitation and temperature data for meteorological sites were obtained from the China meteorological data sharing service system [55] and used to calculate the site-related SPEI. The provincially averaged precipitation and temperature were also calculated based on site observations and used to calculate the averaged SPEI at regional scales. The area weighting method based on Thiessen polygons was employed to calculate the provincial means [56] . First, we produced 27 Thiessen polygons using ArcGIS (10.2) software based on the latitude and longitude of the meteorological site. Second, the areas of the polygons were used as weights to calculate the average monthly precipitation and temperature at the provincial scale.
Methods
Selecting the Optimal SPEI
The drought intensity derived from the SPEI varies with the month and the time scale employed, so it is necessary to select an optimal SPEI (SPEI opt ) that accurately represents the severity of the drought [41, 42] . We calculated the Pearson's correlation coefficients between the monthly (January to December) ESA (ESA Jan-Dec ) and the corresponding SPEI at 1-30 month time scales (SPEI ) to identify a suitable month and the optimal time scale for the SPEI. Pearson's correlation coefficient is a method for assessing the strength of the linear relationship between two sets of data (SPSS software, version 20.0) [57] . Thus, we obtained 360 (12 monthˆ30 time scales) correlation coefficients, which allowed us to determine the suitability of SPEIs at different time scales. Given that the SPEI is a purely meteorological index that contains little vegetation information, the optimal SPEI (SPEI opt ) should have the strongest correlation with the ESA because it reflects relative changes in vegetation under water stress [43] .
Drought Intensity-Related Indicators
The remote sensing-based ESA is sensitive to the intensity of water stress [58] , so we employed it as an indicator to represent the drought response of forests. To distinguish the normal variation in the ESA from the significant decreases in the ESA caused by water limitation stress, we focused our analysis on the forest grids where the ESA was lower than certain thresholds, calculated using Matlab (R2012b).
We defined three thresholds to represent the different responses of planted and natural forests. Two thresholds (T 1 and T 2 ) were purely statistical, set at´2 and´3 standard deviations (i.e., T 1 =´2 and T 2 =´3). The probability of the ESA in non-drought years being less than two and three standard deviations was quite small, so the change in the forest area and/or proportion with ESA values less than´2 and´3 could represent the extent of forests suffering water stress. The other approximate threshold (T 3 ) was estimated by the field survey information of severe drought-induced effects on forests (i.e., over 10% of forests area was damaged by the drought [59] ). The ESA i (i ranges from January to December) values reflected the relative changes in forest vitality under water stress whereas the severe drought effects statistics obtained from the field surveys reflected the actual damage to forests, so combining the ESA i and severe drought effects survey data allowed us to determine the approximate threshold for water stress (T 3 , Equation (2)), below which a forest would be damaged to a certain degree. In particular, we used the "cumulative sum" method in the software Matlab (R2012b) to retrieve the threshold based the cumulative ESA i frequency and the observed forest proportion affected by severe drought effects (Equation (2)).
where P d is the observed proportion of severe drought effects on forests caused by drought in field surveys; ř A i and ř A i,ESA i ďT 3 are the total forest area for all ESA i grids and the damaged forest area for ESA i less than the threshold T 3 , respectively; and i ranges from January to December.
To determine P d and thus T 3 , we summarized field survey data obtained from the Chinese State Forestry Administration and the China's Eighth Forest Inventory (2009-2013, Figure S1 ), which showed that 8.05% (i.e., P d ) of the forest area in Yunnan Province was affected by the extreme drought during 2009 to 2012 [31, [60] [61] [62] [63] , and thus the approximate threshold (T 3 =´3.85) that guided by field survey information was retrieved (see Section 3.2).
After obtaining the thresholds (T 1 ,T 2 and T 3 ), we determined the spatial distribution of forests where ESA i was less than these thresholds in each year, which allowed us to summarize the yearly proportion of forest (PT 1 , PT 2 , and PT 3 ) that suffered from drought stress (Equation (3), j = 1, 2, 3).
Comparisons between Planted and Natural Forests
To distinguish the potential differences in forest types (i.e., coniferous forests and mixed forests, where the mixed forests represented mixed coniferous broad-leaved forest, which might contain the same forests species as the coniferous planted and natural forests, such as Yunnan pine) and elevation level (i.e., 0-2000, 2000-4000 and 4000-6000 m) for planted and natural forests [19] , we divided the forests into six groups based on two forest types and three elevation levels ( Figure 1a,b) , where each group contained both planted and natural forests. Due to the absence of mixed forest at 4000-6000 m, only five groups were actually analyzed in this study ( Table 1 ). Given that the planted and natural forests in each group were similar in terms of the forest type and elevation, we assume that the differences in the ESA reflected the different responses of planted and natural forests. For each group, we used the nonparametric Wilcoxon test to test for significant differences between planted and natural forests, where this method considers information about both the sign of the differences and the magnitude of the differences between pairs (SPSS software, version 20.0) [64] . To distinguish the potential impacts of drought intensity on the different responses of planted and natural forests, we divided the water status into nine groups based on the SPEI hierarchy principle (Table 2 ) [48] . Given that the PT 3 was based on the approximate T 3 threshold which was estimated by field survey information, the PT 3 indicator was to investigate the relationship between drought intensity (SPEI opt ) and changes in forest vitality (ESA i ) using nonlinear regression. We then compared the differences in sensitivity to drought for each class for the planted and natural forests. Considering the limitations of meteorological data from different elevation ranges and forests, where significant errors would be caused by interpolating the SPEI, the provincial SPEI was used for each forest group. Table 2 . Scale of drought severity.
Drought Severity SPEI
Extreme drought SPEI <´2 Severe drought´2 < SPEI <´1.5 Moderate drought´1.5 < SPEI <´1 Mild drought´1 < SPEI <´0.5 Normal´0.5 < SPEI < 0.5 Mild wet 0.5 < SPEI < 1 Moderate wet 1 < SPEI < 1.5 Severe wet 1.5 < SPEI < 2 Extreme wet SPEI > 2
To remove the potential effects of regional variations in drought, we compared the different proportions of planted and natural forests with the same drought stresses in all drought years using the nonparametric Wilcoxon test. First, to unify the drought conditions for the pairs of proportion data for planted and natural forests, we produced Thiessen polygons (N = 27) based on the latitude and longitude of the meteorological sites (Figure 1b) , where each polygon corresponded to a single meteorological site, so similar climate conditions were characterized by the SPEI of the sites. Next, all of the polygons affected by a certain drought stress (i.e., SPEI less than´0.5) in all drought years (N = 8, 2005-2006 and 2009-2014) were selected based on the scale of drought severity (Table 2 ) [48] . There were only 15 polygons for mixed forests with both planted and natural forests, so only 127/70 pairs of proportion data were compared using the nonparametric Wilcoxon test (SPSS software, 20.0) for the coniferous/mixed forests group. In addition, we calculated the differences in the proportions of planted and natural forests (D) in these polygons with drought stress, and a pie chart was used to show the sign and the magnitude of all the D values based on each polygon, where the percentage in the chart increased with the value of D. In addition, the minus (´) and plus (+) signs of D were denoted as red and grey, respectively. Note that all abbreviations used in this study are summarized in the Table 3 . Table 3 . Definitions of the abbreviation used in this study.
The Abbreviation Definition
ESA EVI standard anomaly. T 1 , T 2 , T 3 Thresholds of´2,´3, and´3.85. PT 1 , PT 2 , PT 3 Yearly proportions of ESA less than the thresholds of´2,´3, and´3.85, respectively.
PC, PM, NC, NM Planted coniferous forests, planted mixed forests, natural coniferous forests and natural mixed forests, respectively.
D, DC, DM
Difference between planted and natural forests in PT 3 , difference between planted coniferous forests and natural coniferous forests, and difference between planted mixed forests and natural mixed forests, respectively.
Results
Optimal SPEI for the Planted and Natural Forests
The correlations between the ESAs from January to December (ESA Jan-Dec ) and the SPEIs with time scales of 1-30 months (SPEI ) are shown in Figure 4 . These results indicated that the relationship between the ESA and SPEI was time scale-dependent, and thus selecting a suitable time scale for SPEI was crucial when using it as an indicator of drought intensity. The results also indicated that although there were some slight differences among different forests, the patterns in the correlation coefficients were quite similar (Figure 4a Yearly proportions of ESA less than the thresholds of −2, −3, and −3.85, respectively.
D, DC, DM
Difference between planted and natural forests in PT3, difference between planted coniferous forests and natural coniferous forests, and difference between planted mixed forests and natural mixed forests, respectively.
Results
Optimal SPEI for the Planted and Natural Forests
The correlations between the ESAs from January to December (ESAJan-Dec) and the SPEIs with time scales of 1-30 months (SPEI1-30) are shown in Figure 4 . These results indicated that the relationship between the ESA and SPEI was time scale-dependent, and thus selecting a suitable time scale for SPEI was crucial when using it as an indicator of drought intensity. The results also indicated that although there were some slight differences among different forests, the patterns in the correlation coefficients were quite similar (Figure 4a Both the planted and natural mixed forests exhibited strong covariation between the ESA in June (ESAJun) and the SPEI over a five-month time scale (SPEIJun,5), with correlation coefficients of 0.868 and 0.825, respectively ( Figure S2a,b) . Thus, SPEIJun,5 was most suitable for characterizing the effects of physiological drought stress on both planted and natural mixed forests. The strongest correlation between ESA and SPEI in planted coniferous forests was found for the ESA in June (ESAJun) and the SPEI over 5-9-month time scales (Figure 4a) . Similarly, for the natural coniferous forests, the strongest correlations were found for the ESA from April to June and the SPEI over 5-8-month time scales (Figure 4b) .
Given that the SPEI in June and a time scale of five months (SPEIJun,5) was the optimal indicator for physiological drought stress in all planted and natural forests, we selected the SPEIJun,5 to characterize the drought intensity for all forests. Thus, the June ESA (ESAJun) was used to characterize the relative changes in forest vitality.
Potential Impacts of Drought on Forests
The time trends in the SPEIJun,5 ( Figure 5 ) showed that the water status was adequate in the nondrought years (i.e. Both the planted and natural mixed forests exhibited strong covariation between the ESA in June (ESA Jun ) and the SPEI over a five-month time scale (SPEI Jun,5 ), with correlation coefficients of 0.868 and 0.825, respectively ( Figure S2a,b) . Thus, SPEI Jun,5 was most suitable for characterizing the effects of physiological drought stress on both planted and natural mixed forests. The strongest correlation between ESA and SPEI in planted coniferous forests was found for the ESA in June (ESA Jun ) and the SPEI over 5-9-month time scales (Figure 4a) . Similarly, for the natural coniferous forests, the strongest correlations were found for the ESA from April to June and the SPEI over 5-8-month time scales (Figure 4b) .
Given that the SPEI in June and a time scale of five months (SPEI Jun,5 ) was the optimal indicator for physiological drought stress in all planted and natural forests, we selected the SPEI Jun,5 to characterize the drought intensity for all forests. Thus, the June ESA (ESA Jun ) was used to characterize the relative changes in forest vitality.
The time trends in the SPEI Jun,5 ( Figure 5 ) showed that the water status was adequate in the non-drought years (i.e. The remote sensing-based ESAJun can characterize the relative changes in forest vitality, so the ESAJun was combined with the field survey-based statistical data for the damaged forest area caused by drought to obtain the approximate threshold of T3 (i.e., T3 = −3.85) (Figure 6 ).
The results indicated that the drought in 2012 had extensive impacts on the ESAJun for forests in Yunnan Province ( Figure S3 ). As expected, using lower standard deviation thresholds (i.e., ESAJun < T1 or ESAJun < T2) would apparently overestimate the number of forests that experienced a severe drought effects (Figure S3b-d) . To distinguish the potential impacts and possible differences in the effects of drought stress on planted and natural forests, we compared their probability distributions in terms of the ESAJun in 2001 and 2012 (Figures 7 and S4 ). The results indicated that when the water stress was absent, the PC-NC and PM-NM had similar probability distributions (Figures 7a and S4a) . However, in the extreme drought year, the ESAs were significantly lower for both the planted and natural forests (Figures 7b and S4b), which showed that the relative vitality of both planted and natural forests was sensitive to water stress. Further analysis indicated that the ESAs in natural forests (NC, NM) exhibited higher decreases compared with those in the planted forests (PC, PM) (Figures 7b and S4b) , which indicated that the natural forests are probably more vulnerable than planted forests when subjected to similar water stress caused by extreme drought events. The remote sensing-based ESA Jun can characterize the relative changes in forest vitality, so the ESA Jun was combined with the field survey-based statistical data for the damaged forest area caused by drought to obtain the approximate threshold of T 3 (i.e., T 3 =´3.85) ( Figure 6 ). The remote sensing-based ESAJun can characterize the relative changes in forest vitality, so the ESAJun was combined with the field survey-based statistical data for the damaged forest area caused by drought to obtain the approximate threshold of T3 (i.e., T3 = −3.85) ( Figure 6 ).
The results indicated that the drought in 2012 had extensive impacts on the ESAJun for forests in Yunnan Province ( Figure S3 ). As expected, using lower standard deviation thresholds (i.e., ESAJun < T1 or ESAJun < T2) would apparently overestimate the number of forests that experienced a severe drought effects (Figure S3b-d) . To distinguish the potential impacts and possible differences in the effects of drought stress on planted and natural forests, we compared their probability distributions in terms of the ESAJun in 2001 and 2012 (Figures 7 and S4 ). The results indicated that when the water stress was absent, the PC-NC and PM-NM had similar probability distributions (Figures 7a and S4a) . However, in the extreme drought year, the ESAs were significantly lower for both the planted and natural forests (Figures 7b and S4b), which showed that the relative vitality of both planted and natural forests was sensitive to water stress. Further analysis indicated that the ESAs in natural forests (NC, NM) exhibited higher decreases compared with those in the planted forests (PC, PM) (Figures 7b and S4b) , which indicated that the natural forests are probably more vulnerable than planted forests when subjected to similar water stress caused by extreme drought events. The results indicated that the drought in 2012 had extensive impacts on the ESA Jun for forests in Yunnan Province ( Figure S3 ). As expected, using lower standard deviation thresholds (i.e., ESA Jun < T 1 or ESA Jun < T 2 ) would apparently overestimate the number of forests that experienced a severe drought effects ( Figure S3b-d) .
To distinguish the potential impacts and possible differences in the effects of drought stress on planted and natural forests, we compared their probability distributions in terms of the ESA Jun in 2001 and 2012 ( Figure 7 and Figure S4 ). The results indicated that when the water stress was absent, the PC-NC and PM-NM had similar probability distributions (Figure 7a and Figure S4a ). However, in the extreme drought year, the ESAs were significantly lower for both the planted and natural forests (Figure 7b and Figure S4b ), which showed that the relative vitality of both planted and natural forests was sensitive to water stress. Further analysis indicated that the ESAs in natural forests (NC, NM) exhibited higher decreases compared with those in the planted forests (PC, PM) (Figure 7b and Figure S4b ), which indicated that the natural forests are probably more vulnerable than planted forests when subjected to similar water stress caused by extreme drought events. 
Comparisons of the Drought Responses by Planted and Natural Forests
The results indicated that the drought responses differed between the planted and natural forests, where the responses were related to the forest type (Figures 8 and S5 ). In particular, the differences in PTj (j =1, 2, 3) for Group 1 (coniferous forest at 0-2000 m), Group 2 (coniferous forest at 2000-4000 m), and Group 4 (mixed forest at 0-2000 m) were greater than those between the other two groups (i.e., Groups 3 and 5), which did not differ. The difference determined according to the T1 and T2 threshold (i.e., PT1 and PT2) was higher than that based on the T3 threshold (i.e., PT3) (Figures 8, S5a2 and S5b2). These results suggest that natural forests were more vulnerable than planted forests under similar drought intensities. 
The results indicated that the drought responses differed between the planted and natural forests, where the responses were related to the forest type ( Figure 8 and Figure S5 ). In particular, the differences in PT j (j =1, 2, 3) for Group 1 (coniferous forest at 0-2000 m), Group 2 (coniferous forest at 2000-4000 m), and Group 4 (mixed forest at 0-2000 m) were greater than those between the other two groups (i.e., Groups 3 and 5), which did not differ. The difference determined according to the T 1 and T 2 threshold (i.e., PT 1 and PT 2 ) was higher than that based on the T 3 threshold (i.e., PT 3 ) (Figure 8 , Figure S5a 2 and Figure S5b 2 ). These results suggest that natural forests were more vulnerable than planted forests under similar drought intensities. 
The results indicated that the drought responses differed between the planted and natural forests, where the responses were related to the forest type (Figures 8 and S5 ). In particular, the differences in PTj (j =1, 2, 3) for Group 1 (coniferous forest at 0-2000 m), Group 2 (coniferous forest at 2000-4000 m), and Group 4 (mixed forest at 0-2000 m) were greater than those between the other two groups (i.e., Groups 3 and 5), which did not differ. The difference determined according to the T1 and T2 threshold (i.e., PT1 and PT2) was higher than that based on the T3 threshold (i.e., PT3) (Figures 8, S5a2 and S5b2). These results suggest that natural forests were more vulnerable than planted forests under similar drought intensities. a 1 -c 1 ) and differences in the response (a 2 -c 2 ) between planted and natural forests in forest Groups 1, 2, and 4. The forest type and elevation for five groups are shown in Table 1 . PT j (j = 1, 2, 3) is the percentage of ESA Jun less than the thresholds (T 1 , T 2 , and T 3 ).
The results confirmed that the differences in the PT 3 determined by T 3 were significant (p < 0.05) for Groups 1, 2, and 4, which were consistent with those based on PT 2 (T 2 ), but the differences in the PT 1 (T 1 ) were also significant according to the Wilcoxon tests for Group 2 and Group 4.
Responses of Planted and Natural Forests to Drought Intensity
The results (Figure 9a 1, b 1 and c 1 ; Figure S6a 1 ,b 1 ) showed that the PT 3 increased exponentially for all five forest groups as SPEI Jun,5 decreased (i.e., increased water stress intensity), thereby indicating that the proportion of damaged forests increased rapidly as the drought intensity increases. The results confirmed that the differences in the PT3 determined by T3 were significant (p < 0.05) for Groups 1, 2, and 4, which were consistent with those based on PT2 (T2), but the differences in the PT1 (T1) were also significant according to the Wilcoxon tests for Group 2 and Group 4.
The results (Figure 9a1, b1 and c1; Figure S6a1,b1) showed that the PT3 increased exponentially for all five forest groups as SPEIJun,5 decreased (i.e., increased water stress intensity), thereby indicating that the proportion of damaged forests increased rapidly as the drought intensity increases. Figure 9 . Sensitivity of the responses by planted and natural forests to different drought intensities: (a1, a2) Group 1; (b1, b2) Group 2; and (c1, c2) Group 4. The forest type and elevation for five groups are shown in Table 1 . "y" denotes the fitted equations for the PT3 of forests, and R 2 (R-squared) and SEE are the corresponding coefficients of determination and the residual sum of squares, respectively.
The relationships between PT3 and SPEIJun,5 were similar for both planted and natural forests in the five forest groups, but comparisons of the sensitivity to drought intensity indicated that there were apparent differences among groups (Figure 9a2 ,b2 and c2, and Figure S6a2, b2) . The results showed that the differences in the relationships fitted between PT3 and SPEIJun,5 for the planted and natural forests were quite similar in Group 3 (coniferous forests at 4000-6000 m) and Group 5 (mixed forests at 2000-4000 m), and the differences in PT3 were random around zero ( Figure S6a1 and b1) . These results were consistent with the results obtained from the nonparametric Wilcoxon tests (Table  4) , which indicated that there were no significant differences in the planted and natural forests in these two groups. For the other three groups, the results indicated that although PT3 decreased Table 1 . "y" denotes the fitted equations for the PT 3 of forests, and R 2 (R-squared) and SEE are the corresponding coefficients of determination and the residual sum of squares, respectively.
The relationships between PT 3 and SPEI Jun,5 were similar for both planted and natural forests in the five forest groups, but comparisons of the sensitivity to drought intensity indicated that there were apparent differences among groups (Figure 9a 2 ,b 2 and c 2 , and Figure S6a 2 , b 2 ) . The results showed that the differences in the relationships fitted between PT 3 and SPEI Jun,5 for the planted and natural forests were quite similar in Group 3 (coniferous forests at 4000-6000 m) and Group 5 (mixed forests at 2000-4000 m), and the differences in PT 3 were random around zero ( Figure S6a 1 and b 1 ) . These results were consistent with the results obtained from the nonparametric Wilcoxon tests (Table 4) , which indicated that there were no significant differences in the planted and natural forests in these two groups. For the other three groups, the results indicated that although PT 3 decreased exponentially as SPEI Jun,5 increased in both the planted and natural forests (Figure 9a 1 , b 1 and c 1 ) , the natural forests exhibited greater sensitivity to changes in the drought intensity compared with the planted forests. In particular, under higher drought intensities, the differences in PT 3 between the planted and natural forests tended to increase with the water stress intensity (Figure 9a 2 , b 2 and c 2 ) . Note: p-values < 0.05 indicate significant differences according to the nonparametric Wilcoxon test. N-n, N-p, and N-e indicate that the differences in PT between planted and natural forests were negative, positive, and equal, respectively. The P 1 , P 2 , and P 3 are the significant values for "ESA Jun < T 1 ", "ESA Jun < T 2 ", and "ESA Jun < T 3 ", respectively.
Application of the ForestApproximate Threshold in Small Regions
The results of the nonparametric Wilcoxon tests (Table 5) showed that PT 3 was greater for natural forests (NC, NM) than planted forests (PC, PM) in drought conditions, and the differences in the coniferous and mixed forest groups were significant at p < 0.05 and p < 0.1, respectively. In addition, the 56.69% and 58.57% of the polygons in Figure 10a ,b showed that the amount of damage in natural forests was more severe than that in planted forests under the same drought conditions. Thus, the results determined at the polygon scale were consistent with those at the provincial scale, where both showed that natural forests were more vulnerable than planted forests. exponentially as SPEIJun,5 increased in both the planted and natural forests (Figure 9a1 , b1 and c1), the natural forests exhibited greater sensitivity to changes in the drought intensity compared with the planted forests. In particular, under higher drought intensities, the differences in PT3 between the planted and natural forests tended to increase with the water stress intensity (Figure 9a2 , b2 and c2). Note: p-values < 0.05 indicate significant differences according to the nonparametric Wilcoxon test. N-n, N-p, and N-e indicate that the differences in PT between planted and natural forests were negative, positive, and equal, respectively. The P1, P2, and P3 are the significant values for "ESAJun < T1", "ESAJun < T2", and "ESAJun < T3", respectively.
The results of the nonparametric Wilcoxon tests (Table 5) showed that PT3 was greater for natural forests (NC, NM) than planted forests (PC, PM) in drought conditions, and the differences in the coniferous and mixed forest groups were significant at p < 0.05 and p < 0.1, respectively. In addition, the 56.69% and 58.57% of the polygons in Figure 10a ,b showed that the amount of damage in natural forests was more severe than that in planted forests under the same drought conditions. Thus, the results determined at the polygon scale were consistent with those at the provincial scale, where both showed that natural forests were more vulnerable than planted forests. N-n, N-p, and N-e indicate that the difference in PT3 (D) between planted and natural forests was negative, positive, and equal, respectively. ** Significantly different at p < 0.05; * significantly different at p < 0.1. The "sum of rank" is the sum of the ranks for N-n and N-p. (a) Coniferous group; and (b) mixed group. "PC > NC", "PC < NC", "PM > NM", and "PM < NM" show that the PT 3 for one forest type was greater or less than that of the corresponding forest type, where the sign of D was plus (+), minus (´), plus (+), and minus (´), respectively. 3 (D) between planted and natural forests was negative, positive, and equal, respectively. ** Significantly different at p < 0.05; * significantly different at p < 0.1. The "sum of rank" is the sum of the ranks for N-n and N-p.
Discussion
Ecological Significance of the Optimal SPEI
The SPEI meteorological drought index has been used widely to characterize the severity of drought [65, 66] . However, the SPEI is a pure meteorological index, which contains little information about vegetation and its value also varies with the time scale selected, so the accuracy of drought assessments based on the SPEI depends on the suitability of the time scale selected [39, 43] . In this study, we combined the remote sensed ESA and SPEI information over different time scales to determine the optimal SPEI, and we found that the most suitable month and optimal time scale for the SPEI was SPEI Jun,5 . This is because the forest vitality in June required a relatively high amount of water to satisfy the rapid growth demands, while the previous precipitation was relatively lower, so the forests were sensitive to the water conditions in June as well as the previous cumulative effect of the water balance (i.e., February to June). Given the time-lag effect of the vegetation response to moisture [53] , the vegetation in Yunnan Province exhibited high sensitivity to the SPEI for June. In addition, many studies have shown that the growth of forests in the summer (June, July, and August) is sensitive to the water conditions in the previous and current month [39, 43, 67] , so the growth state of forests in the summer has always been used as an indicator to monitor the response of forests to drought [39, 43] . Thus, using the June ESA as the optimal indicator may be applicable to other studies.
Differences between Planted and Natural Forests
Compared with natural forests, planted forests have received more human management, such as human selection (site, species and planting density), plowing, and the use of fertilizers and herbicides [16] , as well as being located in relatively moist environment [18] with more irrigation, so the sensitivity of planted forests to water deficits will be reduced [17] . However, human management which aims to maximize the economic income of forests may potentially undermine the biodiversity [68] and weaken the forest resilience [69, 70] . In the long-term, the relaxation of human management would potentially increase the diversity of planted forests and then enhance the forest resilience. In addition, planted forests started with the development of GCP program of Yunnan Province during the early 2000s, which implies that the planted forests are relatively younger than natural forests. As a result, the forest age effect is another factor need to be considered as many studies found that forest age affects the response of forests to drought [71] [72] [73] . For example, Linares et al. found that older forests are more sensitive to temperature than younger forests [71] , due to a difference in canopy temperature and thus vapor pressure deficit given that canopies of old trees are usually exposed to more light than canopies of young trees [74] . The less resistibility of older forests than that of young ones to drought may due to the vulnerability of old forests to xylem cavitation [75] , and the increased size and structural complexity could augment maintenance respiration costs and reduce the efficiency of the hydraulic pathway [71] .
Potential Effects of Different Spatial Scales
Compared with the province scale, the Thiessen polygons derived from meteorological stations could reflect more detailed geographical differences, thereby possibly eliminating some potential influences caused by spatial heterogeneities [76] , e.g., every polygon having similar drought conditions. In this study, we found that the results obtained were consistent, where the natural forests were more vulnerable than the planted forests at both the provincial and Thiessen polygon scales. According to the results obtained at the polygon scale, a small number of polygons showed that planted forests were more vulnerable than natural forests, possibly due to the differences in the levels of forest management, regional water sources, or other factors [8, 17, 77, 78] . However, most of the polygons showed that natural forests were more vulnerable to drought than the planted forests, so the result was reasonable.
Limitations and Prospects
There were still some uncertainties in this study due to limitations on the information available. For example, some errors may have occurred during the matching process between the forest distribution map and remote sensing images, as well as in the spatial resolution resampling process. In addition, there may have been some uncertainty because the spatial distribution of forest damage was not available and a large scale field survey would be too expensive in terms of both labor and finance. However, given that more severely damaged forests usually exhibit higher decreases in the EVI, the statistical information for damaged forest (i.e., damage ratio) could be used as an indicator to identify the most likely locations when the ESA is processed. Furthermore, there were limitations on the spatial distribution of the drought intensity and when we interpolated these site-derived SPEIs to spatial grids and matched them with the remote sensed EVI, the errors and uncertainties caused by interpolation were unavoidable, so the provincial SPEI Jun was used for every elevation range and forest type, which probably still caused some errors. Thus, to further avoid the regional differences in droughts, the results at the provincial scale were verified based on the results using Thiessen polygons for the same drought events, which demonstrated that the results were consistent at the two scales, i.e., natural forests were more vulnerable to drought than planted forests.
Forests' inventory data and remote sensing data were both used in this study to compare the different responses of planted and natural forests, where we obtained the matching point (ESA Jun =´3.85) of forests, which accounted for the same proportion of forest declines, and we finally showed that natural forests were more vulnerable to drought than planted forests. However, in the current study, it was difficult to determine the differences in resilience between the forests, which would require more comprehensive datasets to make resilience comparison at the spatial-grid scale [79, 80] .
Conclusions
It is important to understand the different responses of planted and natural forests to drought because this may form the basis of forest risk assessments and management in the context of the predicted increases in extreme drought events in the future. In this study, we combined multiple types of data obtained from meteorological observations, remote sensing (MODIS13A1), and the forests map of the China's Eighth Forest Inventory across Yunnan Province to compare the response characteristics of planted and natural forests to different drought intensities. The results indicated that the SPEI in June and over a time scale of five months (SPEI Jun,5 ) was most effective for characterizing the water stress for forests in Yunnan Province, which had the strongest correlation with the ESA Jun . All of the forests in Yunnan were affected by drought events, but their responses varied according to the forest type, elevation and drought intensity. In general, natural forests were more sensitive and vulnerable to drought than planted forests. The forests' inventory survey revealed that 8.05% of forests were affected by drought, which corresponded an approximate threshold of´3.85 (i.e., ESA Jun =´3.85), below which (i.e., ESA Jun <´3.85) severe drought-induced effects on forests could occur. Given that extreme drought events are predicted to increase in the future, natural forests may require greater management because they are more sensitive and vulnerable to drought. Figure S5 . Yearly drought responses (a 1 , b 1 ) and differences in the response (a 2 , b 2 ) between planted and natural forests in forest Groups 3 and 5. The forest type and elevation for five groups are shown in Table 1 . PT j (j = 1, 2, 3) is the percentage of ESA Jun less than the thresholds (T 1 , T 2 , and T 3 ), Figure S6 . Sensitivity of the responses by planted and natural forests to different drought intensities: (a 1 , a 2 ) Group 3; and (b 1 , b 2 ) Group 5. The forest type and elevation for each group are shown in Table 1 . "y " denotes the fitted equations for the PT 3 of forests, and R 2 (R-squared) and SEE are the corresponding coefficients of determination and the residual sum of squares, respectively.
